INTRODUCTION
Several potential industrial applications of cellulose are partially dependent on the effectiveness of the cellulolytic enzyme action. l9 The natural cellulose properties-particle size, lignin level, crystallinity degree, porosity, accessible surface area, degree of polymerization-do not allow for a fast reaction," requiring, therefore, a pretreatment making these substrates more easily convertible to sugars. Which property should be considered as limiting in the hydrolysis mechanism has been so far a source of controversy. ' Two techniques are usually used to determine the cellulose surface area, based on the measurement of either the nitrogen adsorption7 or of the cellulose pore volume accessible to probes of different sizes-glucose, cellobiose, or polyethylene glycol (PEG). 27, 28 In the first case, the probe utilized is several orders of magnitude smaller than the cellulase molecule and the analyzed samples must be dried, therefore producing results which may be quite different from the real situation, in which celluloses are wet.
In the second technique (solute exclusion), the area corresponding to the cellulose pores can be evaluated, but the external surface (nonporous area) is considered negligible. In spite of this limitation, several authors obtained * To whom all correspondence should be addressed.
good correlations between pore area values and cellulose dige~tibility,'~,~~,~~,~~ suggesting that this may be the key parameter in the cellulose hydrolysis reaction. The aim of this work is to verify whether this assertion is true, or otherwise, an indirect consequence of other hidden properties.
MATERIALS AND METHODS

Enzyme
The commercial cellulase enzyme from Trichoderma Zongibrachiatum, Multifect L-250, was obtained from the Finnish Sugar Co., Ltd., Helsinki, Finland.
Cellulose
Five kinds of cellulose were used: Sigmacell type 100 was purchased from Sigma Chemical Co.; Avicel PHlOl was obtained from Honeywell and Stein, London, UK, commercial cotton, free of loose fibers, (CompetEncia), was purchased from Bastos e Viegas, Porto, Portugal; amorphous cotton was prepared from the latter by solubilization in 85% H3P04, water reprecipitation and solvent drying according to Lee et a1.16 ; and fibrous Whatman CF-11 cellulose was kindly provided by Dr. Nelson Lima.
Enzymatic Digestion
The reaction mixture, containing 15 mg of cellulose, 1.5 mL of 0.1 M sodium 3,3'-dimethylglutarate buffer; pH 5.0, and 0.5 mL of diluted enzyme (1:50), was placed for 6 h in a 50-mL flask and incubated at 60"C, 120 rpm, in an orbital shaker. After 3 mL of water addition, the reaction medium was centrifuged (3000 rpm, 3 min), and the solubilized sugars were measured by HPLC as described previ~usly.~
Pore Volume Distribution (Solute Exclusion Technique)
All the assays were repeated four times. Cellulose powder (1000 mg) was placed in contact with 11 mL of the probe solution (0.7% w/v). The blends were mixed for 5 h in an orbital shaker. Cellulose swelling and motion of the probe molecules into the pores occurred simultaneously, thereby reducing the experimentation time.
During the swelling process, probe solutions became more concentrated. The increase in concentration is proportional to the pore volume inaccessible to the probe but accessible to water.
After a 5-h swelling period, suspensions were transferred to test tubes and allowed to settle down for 1 h. The supernatants were then centrifuged at 5000 rpm for 10 min. The settling step is important to avoid cellulose packing during centrifugation, which would give rise to water removal from the pores. The concentration of the probe solutions was determined refra~tometrically,'~ using HPLC.
C, = final probe concentration in supernatant after contact with cellulose. M p = initial probe weight in the probe solution. W1 = initial water volume in the probe solution.
Considering:
(20 to 70 pL), as determined by the solute exclusion technique, was added to the mixture. The suspension was incubated for 16 h in an orbital shaker (100 rpm, 20°C). Complete resuspension was executed manually several times. The long equilibration period may be necessary to allow for a more efficient packing and an increase in the adsorbed amount to occur. During this period, conformational changes lead to an increased surface interaction (initial adsorption requires only 100 to 200 A, irrespective of the protein size).' The samples were then allowed to sediment for 1 h, to avoid interference of the centrifugation step on the adsorption equilibrium." The supernatant was then centrifuged (5000 rpm, 5 min), and analyzed for protein concentration by the method of Bradford, using BSA solutions as standard. Assays were executed in triplicate.
Total Surface Area Determination
The surface area was determined by measuring the N2 adsorption. A Quantacrome apparatus was utilized. Nitrogen was used as adsorbate gas. Desorptions at three different nitrogen partial pressures were performed in order to plot a three-point BET graph.7 The cellulose samples were degassed previously at 140°C for 8 h. W2 = volume of adsorbed water to cellulose, prior to contact with the probe solution, determined by dry weight measurement after overnight drying of the cellulose at (assuming density of vi = pore volume accessible to water but inaccessible to probe molecules. V, = pore volume accessible to probe molecules.
Crystallinity Measurements
Crystallinity was measured using a powder diffractometer, type PW1710 BASED, operated at a 40-kV tube voltage and a 30-mA tube current. The samples were scanned for a range of 28 from 10" to 30". The crystallinity index (CrI) was calculated as described by Fan et aL7
dL).
V,, = maximum Vi, determined as the mean value of the Vi's for the probes with M, between 3350 and 10,000. the following mass balance may be defined:
Then, the pore volume accessible to probes can be calculated according to the equation:
Combining Eqs. (1) and (2):
Adsorption Experiments
Adsorption isotherms of bovine serum albumin (BSA) on cellulose were obtained using the following procedure: One milliliter of BSA solution in 50 mM phosphate buffer, pH 5.0, with initial concentrations between 5.0 pg/mL and 2.5 mg/mL, was mixed with 50 mg cellulose in a 2-mL Eppendorf tube. A water volume corresponding to the inaccessible pore volume of each cellulose sample
Microscopy
Scanning electron microscopy was executed on a Jeol JSM35C apparatus operated at 25 kV.
RESULTS
Pore Volume Determination
In the original method developed by Stone and S~a l l a n , 2~~~~ the cellulose is previously swollen with water, and then a certain volume of probe solution is added to the drained sample. After an incubation time, the dilution is measured. The water content of the cellulose samples is ~a r i a b l e ?~ thereby becoming one source of error. This is why it takes some time to get consistent and reproducible data. 13 Lin et al.I7 obtained an average relative standard deviation for total inaccessible pore volumes of 11.2%. Sample preparation, including washing and filtering, add significant deviation in these experiments. The standard deviation associated with the modified method was only 0.9%. Furthermore, the use of centrifugation instead of filtration has improved the removal of fine cellulose particles, which are a source of interference during the refractometric measurements. Hence, the described procedure is not only more expeditious than the original one, but also more rigorous, and it can be applied irrespective of the cellulose particle size distribution. 21 The obtained fiber saturation points (pore volume accessible to the water molecule) between 0.4 to 1.4 mL/g (Fig. 1) are within the range of results reported in
Adsorption Isotherms-Surface Area Determination
The Langmuir plots of the obtained adsorption data are displayed in Figure 2a and b. Correlation coefficients above 99.7% were found applying a linear regression to the Ruzic plots24 (Fig. 2c) :
where P is the free protein concentration (mg/mL), Pads is the adsorbed protein (mg adsorbed protein/g cellulose), Pads,,, is the maximal adsorbed protein (mg adsorbed protein/g cellulose), and K is the adsorption equilibrium constant (g/mL) . The determined Pads,rn were utilized in the calculation of the cellulose surface area. The BSA molecule is known to be ellipsoidal in solution, measuring 1 1 1.6 X 27 X 27 A, and was shown to adsorb "end-on" to silica surfaces8Then, provided that this protein does not follow extensive configurational rearrangement upon adsorption, each molecule should cover a circular area of cellulose with a radius of approximately 27 A.
As it may be seen in Table I, (Fig. 3) .
From the results obtained by the solute exclusion technique, only the pore surface area can be calculated by assuming a defined pore geometry and a defined penetration factor20 (relationship between the diameter of the polymer molecule and the diameter of the pore to be penetrated). These assumptions may be quite different from the real situation.
The nitrogen adsorption technique gives a measure of the total surface area of the dry solid, i.e., pores and external surface area. Residual water may occlude a significant amount of this surface.14 As may be seen in Figure 3 , a larger porosity will imply a larger total surface area. This is confirmed by comparing the porosity values in Table I1 with the surface values obtained by this technique in Table I .
The cellulase adsorption isotherms, given by some authors, are obtained after an equilibration period of about 30 to 60 min. Because one of the early events observed during the enzymatic hydrolysis is the cellulose fragmentation?l the amount of adsorbed cellulase is quite probably affected by the increasing accessible surface area. On the other hand, Nieves et a1. 22 showed that cellulases adsorb on the cellulose surface as aggregated particles. In such a case, protein multilayers may exist on saturated cellulose, hence, the surface area is overestimated.
The above discussion shows that the assessment of true surface areas is questionable. As shown here (Fig. 2 the adsorption isotherms of BSA-a molecule with a similar size of cellulases-can be obtained consistently, without the drawbacks of cellulase adsorption. Therefore, this technique gives a more realistic determination of the accessible surface area.
Physical parameters of the celluloses studied in this work (see Fig. 5 ), as well as their enzymatic digestibility, are summarized on Table 11 . A relationship with a correlation coefficient of -88.3% can be observed between the crystallinity index and the fiber saturation point of cellulose. In a way, porosity measurements reflect the molecular organizaCellulose Characterization and Enzymatic Reactivity tion at the elementary fibers level. This correlation was first reported by Ryu et a1.,25 and points out the interdependence of the cellulose physical properties. The relatively low value All celluloses except amorphous cotton produced a diffraction pattern similar to type I celluloses, as judged from 28 at 16" and 22.5".15 After enzymatic treatment, the amorphous cotton showed a similar diffraction profile (Fig. 4) , suggesting that the phosphoric acid treatment was ineffective in the inner part of the fibers. of this correlation coefficient may reflect the existence of different porosities within and between the microfibrils and lamella (supramolecular organization level). This can be a result of different hemicellulose contents, as is possibly the case in the natural celluloses analyzed by Grethlein.12 The relations between porosity and reactivity, reported by many authors, can thus partially imply a reverse relation between crystallinity and digestibility.
For example, Whatman cellulose has the lowest porosity and the highest crystallinity, implying minimal digestibility. On the contrary, amorphous cotton and Sigmacell have the reverse properties, presenting high digestibility.
DISCUSSION
The pores of the tested celluloses were almost impermeable to probes with a diameter above 50 A (Fig. 1) .
Similar results were reported for untreated celluloses, as well as for NaOH (cellulose swelling agent) or FeTNa (iron sodium tartarate-intercalates between cellulose microfibrils) treated substrate^.^,^^'^. Considering that cellulolytic enzymes have an average diameter of 59 it is rather questionable that cellulases are acting inside the cellulose pores.
Caulfield and Moore4 suggested that the overall increase in digestibility following cellulose pretreatments can be the result of decreased particle size. Cellulose pretreatments ineffective on microporosity produced some fragmentation and increased digestibility. The external surface area may then be an important reaction parameter.23 
X-ray diffractograms of amorphous cellulose before (above)
The BSA adsorption results suggest that a 55-8, diameter molecule does not penetrate cellulose pores, as predicted by the solute exclusion technique. Indeed, the relative order of the obtained surface area values reflects the size of the cellulose particles (Fig. 5a to 5e ): the smaller the particles, the higher the surface areas. Although amorphous cotton has a fiber saturation point 50% higher than crystalline cotton, it displays a similar accessible surface area to the BSA molecule. This demonstrates that the external surface represents a major portion of the enzyme's accessible surface. However, there are celluloses with a considerable available pore vo1ume.12,28,32,33 These authors obtained good correlations between the pore volume accessible to molecules with sizes of about 40 8, and the cellulose digestibility, claiming that the pore surface area is the limiting parameter in the hydrolysis reaction. From our point of view, this hypothesis does not fully explain the experimental evidence.
First, the synergistic action between endo-and exo-type enzymes would demand the simultaneous or consecutive penetration of these proteins into the pores, as well as a correct stereochemical orientation. Because every cellulase complex is formed by several proteins with a wide range of molecular weights (30,000 to 70,000),6 exclusion phenomena may occur in the pores, partially avoiding synergism.29 Therefore, synergism should occur mainly at Product concentration inside the pores can also be a critical aspect. With the pores partially filled with protein, sugar diffusion to the bulk solution is somehow impaired, thereby increasing inhibition. Tanaka et al. 30 suggested that some cellulases diffuse very slowly into the narrow spaces between the microfibrils, and that these exhibit a lower catalytic action than that of the proteins adsorbed onto the surface of the fibers.
The main conclusion of this work is that the external surface area, including the macropores, represents a measure of the effective contact area between cellulose and enzymes in the beginning of the reaction. However, this contact surface is not, in itself, relevant to cellulose reactivity. This is because fragmentation can greatly increase the accessible surface area, depending on the porosity and cellulose particle size. This seems to be the case with amorphous cotton: having a great porosity (essentially inaccessible to the enzyme molecules), it becomes fragmented into many small fibers in the beginning of the reaction (Fig. 5f ). The resulting higher amorphous accessible surface area enables a faster reaction. In fact, in spite of having a tenfold smaller external surface area than Sigmacell, the extent of amorphous cotton hydrolysis is three times larger.
